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Abstract	
	
Free‐space	optical	communications	(FSOC)	is	promising	technology	for	the	future	point‐
to‐point	terrestrial	communication	due	to	its	capability	to	handle	a	larger	bandwidth	than	
microwave,	compact,	low	powerusage	and	easy	to	be	deployed.	Even,	FSOC	is	projected	
for	deep‐space	communication	interplanetary.	Even	though	FSOC	has	major	advantages,	
however,	 the	 atmospheric	 absorption	 and	 turbulenceon	 the	 optical	 propagation	 cause	
turbulence‐induced	noise	and	fading	effects	at	the	receiver,	which	finally	degrading	the	signal	to	
noise	ratio	(SNR)	and	 increases	bit	error	rate	(BER).	 In	order	to	suppress	 the	noise	and	fading	
effects,	 several	 techniques	 have	 been	 proposed.	 The	 firstand	 familiar	 technique	 is	 by	 utilizing	
several	 decision	 and	 detection	 electronic	 circuit	 at	 the	 demodulationblock	 and	 combined	 by	
applying	several	space	diversity	receiving	lenses.	This	technique	has	been	developed	and	available	
commercially	in	the	market.	Another	recent	technique	to	suppress	turbulence	atmospheric	noise	
and	fading	is	by	applying	optical	filter	after	the	receiving	lens	in	front	of	the	receiving	detector,	
instead	of	using	electronic	circuit.	The	optical	filter	used	in	this	technique	is	in	the	form	of	a	pinhole	
that	has	a	function	as	a	Fourier	spatial	low‐pass	filter.	The	advantage	of	applying	optical	filter	is	
able	to	be	implemented	in	serial	combination	with	the	electronic	filter	technique.	In	this	paper,	we	
propose	to	develop	a	new	technique	to	suppress	turbulence‐induced	noise	by	applying	a	single‐
mode	fiber	optic	(SMFO)	instead	of	a	pinhole	at	the	receiver	lens	focal	point	to	connect	with	the	
photodetector.	 The	SMFO	 functions	as	Fourier	 optics	 low‐pass	 filter	 such	as	 the	pinhole	 in	 the	
previous	technique.	We	show	that	the	filter	can	improve	BER	performance	significantly	from	10‐4	
down	to	10‐8,	even	in	strong	noisy	medium	propagation.	
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1.	Introduction	
FSOC	 had	 been	 discussed	 to	 be	 the	 future	 of	 telecommunication	 since	 the	 invention	 of	
semiconductor	laser	in	1962.	FSOC	was	thought	to	replace	the	microwave	technology	due	to	its	
superior	on	bandwidth	capability	compared	to	microwave.	At	the	time,	FSOC	was	very	promising	
to	be	applied	in	the	future	for	deep‐space	of	NASA	program	and	for	terrestrial	communications.	
However,	the	invention	of	fiber	optics	(FO)	in	1966	and	all	technologies	related	to	FO	technologies	
later	on	caused	the	FSOC	development	died	before	deployed	in	the	real	applications.	FO	technology	
is	superior	compared	to	FSOC	in	many	aspects	includes	larger	bandwidth,	immune	to	propagation	
noise,	very	longer	distance	of	propagation	and	flexibility	of	data	transmission.	Even	though,	FO	is	
superior	in	many	aspects	over	FSOC,	however,	FSOC	does	still	have	some	advantages	over	FO	in	
these	aspects:	deep‐space	or	 interplanetary	data	transmission	and	the	flexibility	deployment	of	
relatively	 short	 distance	 point	 to	 point	 communicationto	 replace	 microwave	 systems.	 It	 is	
undoubtable	that	FSOC	is	the	most	possible	effective	technology	for	the	future	interplanetary	large	
bandwidth	communication.	The	flexibility	and	easiness	deployment	of	FSOC	such	as	for	building	
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to	building	communication	in	the	city	and	campus	and	its	low	power	and	compactness	are	several	
advantages	of	FSOC	over	FOs	and	microwaves.	
Beside	of	thus	advantageous	points,	however,	FSOC	technology	has	major	drawbacks,	which	
are	the	existence	of	static	attenuation	due	to	absorption	and	light	scattering	by	the	atmospheric	
propagation	medium	and	 temporal	or	dynamic	 fluctuation	due	 to	atmospheric	 turbulence.	The	
static	attenuation	is	relatively	simple	to	be	overcome	by	calculating	link	budget,	the	designer	is	
able	to	estimate	the	transmitter	power	required	for	a	certain	distance	to	have	a	sufficient	SNR	at	
the	 receiver	 site.	 However,	 the	 temporal	 or	 dynamic	 intensity	 fluctuation	 due	 to	 atmospheric	
turbulence	is	more	difficult	to	handle.	The	effect	of	this	dynamic	fluctuation	signal	at	the	receiver	
can	be	more	damaging	than	thermal	noise	of	the	detector.	Dynamic	fluctuation	can	be	in	the	form	
of	phase	and	amplitude	noise.	Amplitude	noise	is	easier	to	be	solved	electronically	compared	to	
phase	noise.	The	atmospheric	turbulence	is	caused	by	temporal	and	spatial	temperature	gradient	
in	atmosphere.	It	produces	various	distributions	of	pockets	of	non‐homogeneity	optical	medium	
as	refraction	zones.	The	turbulence	creates	various	distributions	of	pockets	of	non‐homogeneity	
optical	medium.	 These	medium	pockets	 act	 as	multiple	 lens	 effects.	Micro‐turbulences	 happen	
when	the	size	of	turbulences	is	only	about	a	several	wavelengths	of	the	light,	which	cause	optical	
scattering,	attenuation	and	high	frequency	intensity	fluctuation	noise	at	the	receiver,	comparable	
to	detector	thermal	noise.	In	this	micro‐turbulence	case,	the	optical	axis	path	is	considered	remains	
constant.	When	macro	turbulence	happens,	it	leads	to	deflect	the	optical	axis	from	transmitter	(TX)	
to	receiver	(RX)	that	causing	beam	wandering	effect.	The	beam	wandering	causes	slow	intensity	
fluctuation	 at	 RX,	 which	 is	 called	 as	 turbulence‐induced	 fading.	 The	 overall	 effects	 limit	
propagation	distance	and	bandwidth	performance	of	FSOC.		
Turbulence‐induced	noise	and	fading	at	RX	has	been	studied	extensively	by	many	researchers.	
Some	 techniques	 have	 been	 proposed	 to	model	 Turbulence‐induced	 noise	 and	 fading.	 At	 least	
there	are	2	important	statistical	parameters	related	to	turbulence‐induced	noise	and	fading,	i.e.	(1)	
d0,	the	correlation	length	of	random	intensity	fluctuation	and	(2)	0,	the	correlation	time	of	random	
intensity	 fluctuation.	 Several	 detection	 techniques	 have	 been	 proposed	 based	 on	 those	 two	
statistical	 properties	 of	 turbulence‐induced	noise	 and	 fading.	The	 two	 are	 temporal	 or	 spatial‐
domain	technique	approaches.	In	spatial‐domain	technique,	at	RX	side,	it	is	proposed	the	spatial‐
aperture	averaging	method,	which	is	in	the	form	of	spatial	diversity	method	that	is	applying	both	
multi	TXs	and	multi	RXs.	This	is	called	multi‐input	multi‐output	(MIMO)	and	combined	with	Q‐ary	
pulse‐position	modulation	 (QPPM)	 [13].	 Several	 research	 groups	 have	 achieved	 in	 developing	
FSOC	 for	 middle	 distance	 up	 to	 1‐km	 with	 10‐Gbps	 bit	 rate.	 In	 temporal	 domain	 technique	
approach,	RX	 should	 be	designed	 such	 that	RX	observation	 interval	T0	>	0,	where	 turbulence‐
induced	noise	can	be	much	reduced	by	temporal‐averaging	method	at	the	RX.	In	the	same	way,	for	
spatial	domain	technique	approach,	RX	aperture	diameter	D0	>	d0,	such	that	turbulence‐induced	
fading	can	be	much	reduced	by	spatial‐aperture	averaging	method	at	RX.		
In	 this	 paper,	we	propose	 a	different	way	 to	 overcome	 the	 turbulence‐induced	noise	on	
FSOC.	Instead	of	suppressing	the	turbulence‐induced	noise	by	using	temporal	and	spatial‐domain	
statistical	 technique	 approaches	 as	 explained	 above,	 we	 propose	 to	 use	 Fourier	 optics	 filter	
concept.	 Atmospheric	 turbulence	 along	 the	 propagation	 medium	 produces	 a	 high	 frequency	
temporal	 and	 spatial	 fluctuated	 wavefront	 right	 in	 front	 of	 the	 RX	 lens.	 The	 high	 frequency	
temporal	and	spatial	fluctuated	wavefront	based	on	Fourier	optics	analysis	concept,	consists	of	
fundamental	and	higher‐order	spatial	harmonic	planar	wavefronts.	Higher‐order	spatial	harmonic	
planar	wavefronts	means	making	 larger	 angle	 to	 the	 optical	 axis	 such	 as	 shown	 in	 Fig.1.	 The	
temporal	noise	mostly	rides	on	the	higher‐order	ones.	In	our	previous	research,	we	use	pinhole	as	
a	low	pass	Fourier	optics	filter,	which	is	common	to	be	used	in	interferometric	process	to	suppress	
the	 higher‐order	 spatial	 harmonics	 (consisting	 noisy	 signal	 parts)	 of	 the	 receiving	 turbulence‐
induced	 noise.	 However,	 in	 this	 paper	we	 proposed	 to	 use	 a	 single‐mode	 fiber	 optics	 (SMFO)	
instead	of	pinhole	to	filter	the	turbulence‐induced	noise.	After	a	SMFO	filter,	the	detector	receives	
a	 clean	 signal,	which	 is	 the	 fundamental	order	of	optical	 carrier	modulated	by	 the	 information	
signal.	In	this	paper,	suppression	is	limited	on	high	frequency	fluctuation	noise	and	not	the	fading,	
due	to	the	limitation	of	our	computation	and	simulation	experiment.	
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2.	Noise	Suppression	Analysis	
The	received	wavefronts	as	noisy	information	carrier	is	received	by	the	receiving	lens	aperture,	
and	 focused	onto	 the	detector.	 The	 ideal	 condition	 is	 that	 the	 receiver	 lens	diameter	D0	>>	d0.	
However,	mostly	the	condition	is	D0<	d0.	The	limitation	of	receiving	aperture	diameter	causes	RX	
lens	focusing	system	cannot	perfectly	average	the	received	noisy	wavefront	in	order	to	clean	the	
noise.	At	the	focal	point,	the	light	beam	looks	like	a	waist.	It	will	have	many	of	focusing	waist	as	the	
results	of	the	higher	order	spatial	wavefronts	caused	by	turbulence‐induced	noise	and	fading	as	
shown	in	Fig.1.	For	a	detector	that	has	an	area	larger	than	the	beam	waist	area	and	located	right	
behind	the	focal	point,	 then	the	overall	received	signal	that	consists	of	temporal	noises	and	the	
original	signal	will	be	detected	by	detector.	This	decreases	SNR	and	increases	BER.	
The	received	noisy	wavefront	is	constructed	by	superposition	of	fundamental	clean	signal	and	
noisy	harmonic	planar	wavefronts,	which	propagate	off	the	optical	axis,	as	shown	on	Fig.1:	
     , , exp 2x y x y x yU x y F j x y d d           	 (1)
  2| , |rP U x y dx dy  	 (2)
where	νx	and	νy	are	the	spatial	frequencies	in	x	and	y	directions	in	x‐y	plane,	respectively	and	F(νx	
,νy)	is	the	amplitude	of	the	mixing	spatial	frequencies	and	U(x,y)	is	the	total	electromagnetic	field	
at	point	(x,y).	The	total	received	power	at	receiving	lens	is	Pr	and	the	fundamental	or	clean	signal	
power	is	P0.	The	SNR	without	filtering	is	expressed	as,	
0
0r
PSNR
P P
 
	 (3)	
The	receiving	 lens	works	as	a	spatial	Fourier	 transformer.	 It	 transforms	the	 temporal‐spatial	
noisy	input	wavefronts	to	be	spatially	harmonic	focal	points	on	the	focal‐point	plane.	On	the	focal	
point	plane	of	the	receiving	lens	exists	various	focal	points	of	each	harmonic	planar	wavefronts	
surrounding	 the	 center	 of	 the	 fundamental	 focal	 point,	 such	as	 shown	 in	Fig.1.	 In	 this	 filtering	
process,	 a	 SM	 fiber	 optic	 works	 to	 block	 the	 higher‐order	 spatial	 harmonic	 focal	 points.	 Only	
fundamental	order	wavefront	can	pass	the	SM	fiber	optic	to	reach	the	receiving	detector.	In	this	
case,	 SM	 fiber	 works	 as	 a	 Fourier	 optics	 low‐pass	 spatial	 filter.	 It	 blocks	 higher‐order	 spatial	
harmonics,	which	are	overridden	by	temporal	noise	at	focal	points.	
	Fig.1.	Single‐mode	fiber	optic	blocks	higher‐order	spatial	harmonic	focal‐points.	
SM	fiber	suppresses	the	noise	and	improves	the	receiving	SNR.	Only	fundamental	spatial	order	
that	brings	clean	information	signal	is	expected	to	be	detected	by	the	receiving	detector.	The	SNR	
by	using	SM	fiber	filter	will	be	drastically	increased,	even	though	the	total	receiving	power	
decreases.	SM	fiber	is	located	behind	the	focal	point,	as	shown	on	Fig.2.	The	SM	fiber	diameter	
has	to	be	equal	or	slightly	larger	than	the	beam	waist,	in	order	that	the	whole	clean	signal	can	be	
detected,	while	the	higher‐order	spatial	harmonics	are	blocked.	The	relationship	between	
receiving	lens	and	beam	waist	radius	at	focal‐point	is	formulated	in	the	following	Eq.(4).	
0
4D f
D

 	 (4)
where	D	 is	the	receiving	wavefront	diameter	right	 in	front	of	the	receiving	lens.	D0	 is	the	beam	
waist	diameter	at	focal	point,	f	is	the	focal	length	and	λ	is	the	wavelength.	In	this	experiment,	the	
receiving	beam	diameter	is	5‐cm	and	focal	distance	is	15‐cm,	then	the	beam	waist	diameter	at	focal	
point	is	3.82λ.	The	SM	fiber	core	diameter	sizes	are	from	5	to	8	µm.	This	size	is	a	bit	larger	than	
beam	waist	diameter.	If	SMFO	is	located	in	the	exact	focal	point,	the	only	consideration	is	that	the	
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beam	waist	width	should	be	design	such	that	a	bit	smaller	than	SMFO	core	diameter,	to	make	sure	
that	all	the	clean	fundamental	order	signal	captured	by	the	SMFO.	If	SMFO	is	located	before	and	
after	 focal	 point	 than	 the	 numerical	 aperture	 of	 SMFO	 should	 be	 considered.	 It	 is	 very	
recommended	that	the	SMFO	tip	should	be	located	in	the	area	around	the	focal	point	or	extended	
at	 least	 about	 Rayleigh	 range	 or	 a	 half	 of	 depth	 of	 focus	 as	 shown	 in	 the	 following	 Fig.2.	 The	
Rayleigh	range	(z0)	is	expressed	as,	
2
0
0 4
Dz   	 (5)
	Fig.2.	Receiving	lens	and	single‐mode	fiber	optics	alignment.	
To	estimate	the	SNR	gain	due	to	SM	fiber	filtering	effect	and	to	simplify	derivation,	it	needs	to	
assume	that	the	noise	power	is	distributed	equally	from	low	to	high	spatial	frequency	noise.	SNR	
gain	 is	defined	as	an	SNR	comparison	between	SM	 fiber	core	and	avalanche	photodiode	(APD)	
detector	diameters.	Assuming	that	the	fundamental	clean	signal	waist	radius	is	R0=	0.5	D0	at	focal	
plane	of	receiving	lens	and	R1	is	SM	fiber	and	R2	is	APD	radii,	by	recalling	Eq.(3),	then	the	SNR	gain	
can	be	formulated	as:	
2 2
2 0
2 2
1 0
Gain
R RSNR
R R
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	 (6)	
To	 estimate	BEP,	 it	needs	 to	 assume	 that	 the	 turbulence	 channelis	 a	 log‐normal	distribution	
model	as	a	representation	of	weak‐turbulence	inside	the	propagation	simulator	box.	The	spatial	
spectral	 distribution	 as	 a	 result	 of	 Fourier	 optical	 transformation	by	 the	 receiving	 lens	 should	
represent	 the	 probability	 density	 distribution	 of	 the	 receiving	 signal.	 The	modulation	 is	 on‐off	
keying	(OOK).	By	assuming	that	the	noise	due	to	turbulence	is	a	Gaussian	distribution	and	larger	
than	the	receiver	noise	figure,	then	the	bit‐error	probability	(BEP)	can	be	derived	as	following.		
 2 00 2 20rN
P PN
R R
 
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	 (7)
No	or	σN2	is	noise	intensity	due	to	turbulence	or	signal	covariance	at	the	focal	plane	of	the	
receiving	lens.	Pr	is	total	received	power	and	P0	is	the	fundamental	clean	signal.	R	and	R0	are	radii	
of	beam	waist	of	total	signal	and	fundamental	signal,	respectively	at	the	focal	plane	of	the	
receiving	lens.	
The	following	is	BEP	derivation,	since	the	signal	‘1’	and	‘0’	are	equally	likely	to	be	transmitted,	
then	the	overall	average	probability	of	error	is	
   1 12 2
0
3| '1' | '0 ' 2 2
b
e
EP P e P e Q
N
      
	 (8)
The	probability	of	error	Pe	or	sometimes	is	called	as	bit	error	probability	(BEP)	is	the	expectation	
value	of	bit	error	rate	(BER).	The	value	of	Eb/No	is	simply	corresponded	with	SNR.	Then	Eq.(8)	can	
be	written	as	
1
2
3
2BEP Q SNR   
	 (9)
The	BEP	improvement	(BEPGain)	of	the	small	radius	pinhole	R1in	comparison	to	the	large	radius	
pinhole	R2	is	written	as:	
1
2
3
2Gain GainBEP Q SNR   
	
	
(10)
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3.	Experiment	
The	experiment	in	laboratory	set‐up	shown	on	Fig.3	is	to	prove	noise	suppression	by	SMFO.	This	
set‐up	is	designed	for	wavelength	of	1550‐nm,	which	is	the	best	wavelength	for	terrestrial	FSOC	
propagation.	It	is	intended	to	prove	the	improvement	of	BER	performance	for	FSOC	using	SMFO	
filter.	The	propagation	simulator	box	as	shown,	consists	of	2	types	of	propagation	channels,	one	is	
affected	by	air	turbulence	due	to	air	flow	through	obstacles	and	water	vapor	(as	shown	as	upper	
part).	The	second	one	is	not	affected	by	turbulence	unless	beam	divergence	less	than	50	(the	lower	
part).	The	overall	dimension	of	the	box	is	4m	x	1m	x	0.5m.	The	in‐flow	air	has	temperature	of	140	
C,	while	the	hot	water	vapor	has	temperature	of	nearly	1000	C,	sufficient	to	create	multiple	lens	
scattering	and	absorption	effects.	For	this	experiment,	we	assume	it	is	sufficiently	to	model	a	weak‐	
turbulence	condition	that	fit	to	a	log‐normal	distribution.		
		
Fig.3.	Experiment	set‐up	for	filtering	turbulence‐induced	noise	by	SMFO.	The	set‐up	uses	Erbium‐
doped	fiber	amplifier	(EDFA)	26.0	dB	gain	with	maximum	output	23.5	dBm	and	JDSU	is	a	brand	of	
1	Gbps	full‐duplex	TX‐RX	and	BER‐meter.	
	
	
4.	Discussion	and	Analysis	
Due	to	limited	number	of	fiber	optic	type	available,	we	did	experiment	once	with	9‐µm	single‐
mode	fiber	optic	core.	First,	we	do	measurement	on	turbulence	propagation	inside	the	propagation	
simulation	box,	the	receiving	signal	is	focused	directly	on	the	APD	detector	with	1	Gbps	data	rate,	
the	measuring	result	is	BER	10‐4.	However,	once	we	apply	single‐mode	fiber	optic	as	Fourier	optic	
low‐pass	 filter,	 the	 resulting	 BER	 measurement	 is	 drastically	 reduced	 to	 10‐8.	 It	 proves	 our	
proposed	hypothesis	that	SMFO	filter	will	block	more	higher‐order	spatial	harmonics,	which	are	
overridden	by	temporal	noise.	It	agrees	with	the	theoretical	derivation	as	well.		
The	weakness	of	SM	fiber	optics	 implementation	for	optical	noise	filtering	 is	 in	the	condition	
when	beam	wander	occurs	as	the	result	of	atmospheric	turbulence.	SMFO	filtering	system	is	not	
immune	from	beam‐wander	effect,	the	system	will	temporally	be	misalligned	and	produce	fading	
effect.	In	order	to	take	the	benefits	of	SM	fiber	optics	advantages	in	suppressing	high‐order	spatial	
noises	and	to	avoid	the	weakness	from	beam‐wander	effect,	our	research	group,	since	two	years	
ago	has	developed	detection	system	by	replacing	pinhole	and	SMFO	with	charge‐coupled	device	
(CCD)	array	detector	and	controlled	by	low‐pass	Fourier	optics	filter	signal	processing	algorithm.		
5.	Conclusion		
A	new	idea	of	propagation	noise	suppression	in	FSOC,	by	using	a	single‐mode	fiber	optic	as	a	
Fourier	optics	low‐pass	filter	has	been	presented.	By	simulation,	it	has	been	proven	to	improve	
BER	performance	in	medium	turbulence‐induced	fading	propagation	from	10‐7	down	to	10‐11	(up	
to	10+4	BER	improvement),	even	more.	Furthermore,	this	proposed	filtering	method	can	also	be	
implemented	for	applications	with	longer	wavelength	such	as	in	RF	technologies	to	suppress	the	
propagation	noise	due	to	turbulence	atmosphere.	
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